Introduction
An estimated 1.38 million women worldwide were diagnosed with breast cancer in 2008, making this disease the second most diagnosed malignancy after lung cancer. 1 Human epidermal growth factor receptor 2 (HER2) can be used as a model to study breast cancer because it is an important cancer-associated protein and thus can be used as a biomarker. 2 Biomarkers for cancer include all measurable or observable factors that can be associated with either normal or disease-related states in cancer metabolism. 3 Overexpression of HER2 occurs in 25%-30% of human breast cancers and is associated with a particularly aggressive form of the disease. 4 The surfaceimmobilized antibodies used in the present study target the HER2 protein, also known as ErbB2, Neu, or CD340. 5, 6 The HER2/neu gene is a proto-oncogene located on chromosome 17q21. 7 From this gene, a transmembrane glycoprotein of 1,255 amino acids with a molecular weight of 185 kDa and tyrosine kinase activity is produced. 8 HER2 is part of a family of four cell surface receptors (HER 1-4) that share important homology with the epidermal growth factor receptor. When expressed in cells at normal levels, HER2 regulates cell growth, differentiation, and survival. 9 However, overexpression and/or amplification of HER2 in certain cell types results in generation of numerous HER2 heterodimers that later become responsible for uncontrolled cell division, leading to cancer. 9 submit your manuscript | www.dovepress.com Dovepress Dovepress 68 hernández et al It has been found that some cancer cells, particularly in the breast, have extra copies of the HER2 gene; as a consequence, there is increased production, signaling, activation, and overexpression of the HER2 protein. Therefore, it is important to be able to detect changes in HER2 concentration in the human body. 3, 10 Biosensors, specifically immunosensors, are among the most important diagnostic tools available because of the specificity of the antibodies that they use as probes and because of the simplicity and rapidity with which such assays can deliver reliable results. 11 For the purposes of the research reported here, a biosensor is defined as a compact analytical device incorporating a biological or biologically derived sensing element either integrated within or intimately associated with a physicochemical transducer. 12, 13 Immunosensors are important diagnostic tools, mainly because of their high specificity and the small volume of sample required to perform the assay. Sensitivity is a key factor in the performance of a sensor, 14 and antibody immobilization is an essential step during development of the immunosensor in order to obtain this high sensitivity. The main objective of this study was to obtain a well oriented layer of antibodies, minimizing the number of steric hindrances and uncovered surfaces, in order to increase the capacity of the antibody-modified surface to bind with an important cancer biomarker. An adequate antibody immobilization technique makes it possible to obtain higher biosensor performance, and it has been demonstrated that the immobilization layers have an important role with regard to sensitivity, 15, 16 although the immobilized particles as well as the base surface may be able to modify the performance of the biosensor. [17] [18] [19] In this study, radiofrequency magnetron reactive sputtering was used to deposit thin film sandwiches of aluminum-aluminum nitride-aluminum (Al-AlN-Al). This surface configuration, as reported by Wingqvist, 20 can be used to produce a piezoimmunosensor. After deposition of the thin film, three different methods of antibody immobilization were evaluated in order to obtain the conditions that achieve the best sensitivity on the surface, ie, direct immobilization on the surface, immobilization using protein G, and immobilization using sodium alginate. The latter method is based on adsorption of antibodies due to the polyelectrolyte nature of alginate. 21 Although a considerable number of antibody immobilization methods have been described, the method that uses protein G is among the most widely recommended. Protein G binds to the Fc region of the antibody (immunoglobulin G), promoting correct orientation of the antibody's paratope, so an increase in biosensor efficiency and sensitivity is expected. 11, 22 The importance of this study lies in the fact that it compares different antibody immobilization methods as well as their performance on surfaces with different structures. The main objective was to determine which combination of antibody immobilization methods and surface grain size has the best sensitivity. These results are relevant for diagnosis when an immunosensor is required for early disease screening and could lead to development of a low-cost production tool using available technology in developing countries. Among women aged 50 and older, studies have demonstrated a 20-40% reduction in breast cancer mortality for women screened by mammography and clinical breast examination. [23] [24] [25] 
Materials and methods Thin film deposition
Al-AlN-Al thin films were deposited using a novel radiofrequency magnetron sputtering system built at Tec de Monterrey, Nuevo León, Mexico. A schematic representation of the process has been published by Acosta et al. 26 The chamber is equipped with a water-cooled magnetron that holds a target disk 2.5 inches in diameter. The aluminum target was 99.999% pure. The substrates were silicon wafers that were cleaned by washing in water, then soaking in ethanol (96%), followed by rinsing in acetone (99.99%) in an ultrasonic bath for 10 minutes and drying in a hot air flow. To begin the deposition process, the substrate was placed in front of the target at a 6 cm distance. A process involving two different working pressures was used to make the sandwich thin film depositions. Briefly, the method consisted of depositing an Al thin film at 2.66 Pa and then decreasing the working pressure to 0.266 Pa to deposit the AlN thin film. A lower pressure is used in order to enhance the surface diffusion of AlN and obtain films with good crystalline quality. 20 AlN was formed by interaction of the Al target with nitrogen flowing into the reaction chamber. After completing the deposition of AlN, the nitrogen flow was stopped, the chamber conditions were returned to work at a higher pressure (2.66 Pa), and a third layer consisting of Al was deposited. The radiofrequency power was varied to obtain different grain sizes in the substrate. The operational conditions are listed in Table 1 . The final product of radiofrequency sputtering was a structure that could become a competitive and low-cost alternative to quartz crystal microbalance in disease diagnostics. 20 Figure 1 shows scanning electron microscopic images of the three different surface groups that we prepared. The process parameters were chosen in order to produce cubic AlN on the surfaces, as shown in the X-ray diffraction pattern in Figure 2 . The average grain size of each surface was customized by modifying the deposition parameters. The first group had an average columnar grain size of 584 nm (ie, large grain size, "L" group), the second group had an average columnar grain size of 328 nm (mid grain size, "M" group), and the third group had an average columnar grain size of 201 nm (small grain size, "S" group). The sizes were measured by random sampling and no specific distribution was obtained. Following deposition of the thin film, the slides were cut into rectangular pieces (0.5 cm base × 1 cm height). These fragments were biofunctionalized with anti-HER2 antibody and a comparison of antigen detection sensitivity was performed.
cleaning of the substrate surface
Prior to any process involving use of organic compounds on the Al surface, the substrates were cleaned to remove any contaminants that may have been deposited during handling or storage. Cleaning was done by immersing the 0.5 cm 2 substrates in piranha solution (1:3 30% H 2 O 2 and concentrated H 2 SO 4 ), rinsing with deionized water, and drying in a hot air flow. This process was carried using a laminar flow cabinet under sterile conditions.
Direct immobilization of anti-her2
First, 0.5 cm 2 surfaces of each grain size were incubated with 60 µL of anti-HER2 antibody (10 µg/mL in phosphatebuffered saline [pH 7.4] and 50% v/v glycerol) for 2 hours at 4°C. For this, the antibodies are attached randomly to the surface with no specific paratope orientation. After incubation, the slides were washed three times with 400 µL of Tris-buffered saline and Tween 20 (TBST) per wash to remove the nonbound antibodies. The surface was blocked by incubation with 60 µL of 10 mg/mL bovine serum albumin for 30 minutes at room temperature to prevent any cross-reactions that could result in false-positive detection of antigen. Next, a wash in 400 µL of TBST was performed to eliminate the excess bovine serum albumin, followed by three washes in 400 µL of phosphatebuffered saline (pH 7.4) to remove any pollutants.
immobilization of anti-her2 using sodium alginate
The substrates were incubated with 60 µL of a sodium alginate solution (0.5% in phosphate-buffered saline, pH 5.0) for 12 hours at room temperature in the manner described by Wang et al. 21 The substrates were next washed three times with 400 µL of distilled water to remove any unbound alginate content, and then air-dried. Antibody immobilization was started by incubating the alginate-fixed surface with 60 µL of the antibody (10 µg/mL in phosphate-buffered saline [pH 5.5]) for 2 hours at 4°C. The slides were then washed three times using 400 µL of phosphate-buffered saline (pH 7.0), followed by a final wash in 400 µL of distilled water to remove any unbound antibodies on the surface. This was followed by air-drying. The surface was blocked by incubating the substrates with 60 µL of bovine serum albumin 10 mg/mL which bound in the alginate regions where no antibody had been immobilized and thus prevented any false-positive results. Finally, the surfaces were washed three times with 400 µL of phosphate-buffered saline (pH 7.0) to remove any residual bovine serum albumin or pollutants, and finally air-dried.
immobilization of anti-her2 using protein g 22 Guo et al used only a 2-hour incubation of protein G on commercially available aldehyde-derivatized slides, whereas Al surfaces were used in the present study. After incubation with protein G, the slides were washed three times with 400 µL of TBST. Next, 60 µL of 10 mg/mL bovine serum albumin was added for 30 minutes at room temperature to block nonspecific surface binding sites. The surfaces were then washed with 400 µL of TBST and rinsed three times with 400 µL of phosphate-buffered saline to remove the remaining bovine serum albumin. The surfaces were next incubated with 60 µL of anti-HER2 for 2 hours at 4°C, followed by rinsing three times with 400 µL of TBST. Subsequently, a second block with 60 µL of 10 mg/mL bovine serum albumin was done by incubation for 30 minutes at room temperature. The substrates were then washed with 400 µL of TBST, followed by three washes with 400 µL of phosphate-buffered saline (pH 7.4).
control group
A control group for each surface size and immobilization technique was included, in which all procedures were performed as for the corresponding group, except that no primary antibody to be immobilized was added, with phosphate-buffered saline used instead. The control group therefore had no immobilized anti-HER2 antibody, and was used to eliminate background noise when reading in the spectrophotometer and to be able to discard falsepositive results.
standard her2 curve
An enzyme-linked immunosorbent assay (ELISA) was performed according to the instructions manual of the ELISA kit for human HER2 (#KHO0701; Invitrogen, Carlsbad, CA, USA). Briefly, HuHER2 protein (antigen) was reconstituted (to 25 ng/mL) by adding 1 mL of the standard diluent buffer to the vial where it was swirled gently, in order to make a homogeneous solution. A series of 2:1 dilutions was done to obtain HER2 samples at concentrations of 25, 12.5, 6.25, 3.13, 1.56, 0.78, and 0.39 ng/mL. This process was necessary in order to have a reliable reference source to be able to compare and identify HER2 detection using a consistent commercially available tool. The ELISA assay to make a HER2 standard curve was developed in an eight-well strip, following the manufacturer's instructions. Seven wells were designated for the standards (0, 0.39, 0.78, 1.56, 3.13, 6.25, and 12.5 ng/mL of HER2); a final well was used as the chromogen blank, and contained only 100 µL of the stabilized chromogen and 100 µL of the stop solution. This assay was performed under sterile conditions.
evaluation of antigen detection
The antigen (HER2) was incubated on the biofunctionalized surfaces. All slides, including the controls, were tested with 60 µL of HER2 (1.56 ng/mL) after 2 hours of incubation at room temperature. This process is decisive in the forthcoming results, as in this step the surface-fixated antibody specifically recognizes the antigen that is in the medium binding it. 
71
Three antibody immobilization techniques on Al-AlN-Al thin films After incubation, the liquid remaining on the surface was discarded and the wells were washed four times in 400 µL of wash buffer (10 mM phosphate buffer [pH 7.4], 150 mM NaCl, 0.05% Tween 20) to remove unbound protein.
Subsequently, 60 µL of HuHER2 detection antibody was added to each surface, and incubated for one hour at room temperature. In this step, the second anti-HER2 antibody binds to the antigen, forming a sandwich antibody-antigenantibody. Afterwards, the liquid from the wells/surfaces was discarded and four washes were done using 400 µL of wash buffer to eliminate unbound antibodies.
Next, 60 µL of anti-rabbit immunoglobulin G horseradish peroxidase-conjugated antibodies was added to each surface, and incubated for 30 minutes at room temperature. This step involves high specificity, because the immunoglobulin G is a third antibody that binds to the antibody used in the previous step. It contains a horseradish peroxidase marker that is useful for revealing the antibody binding interaction. The excess liquid was then aspirated and discarded, and the wells were washed four times using 400 µL of wash buffer.
Finally, 100 µL of the stabilized chromogen was added to each well and surface. Upon contact with horseradish peroxidase, this chromogen triggers a chromatic reaction whereby the solution turns a blue color. The slides were incubated for 30 minutes at room temperature in the dark, and then 100 µL of the stop solution was added to each well and surface. The colorimetric reaction stops at this point and the liquid becomes yellow. There is a direct relationship between the intensity of the color of the reaction and the amount of HER2 protein detected. Next, the absorbance for each assay was read using a spectrophotometer at 450 nm.
Results and discussion
The deposited thin film surfaces are shown in Figure 1 . The average grain size varied significantly between the groups, with the L group having an average grain size of 584±90.74 nm, the M group having an average grain size of 328±27.52 nm, and the S group having an average grain size of 201±20.25 nm. Not only did the microstructure change, but so did the macrostructure. The first group (L) appeared opaque to the naked eye, while group S appeared shiny and group M had an appearance that was mid-way between those of the L and S groups. Another interesting feature was the change in behavior of the surfaces with regard to the ease of becoming wet. The L group easily adsorbed the solutions, and was difficult to keep dry, whereas the S group had difficulty adsorbing the solutions and was easy to wash and keep dry. This characteristic may be due to the roughness of the surface, ie, the group with the smallest grain size had a smooth surface and the one with the larger grain size is rough with larger spaces between the grains which can harbor micro basins of the solutions that are poured.
A model X Pert PRO MRD diffractometer (PANalytical, Oulu, Finland) and an X-ray tube with Co K α (λ=1.79 Å) radiation was used for further characterization of the thin film. A PIXcel (2.5°) area detector was used to obtain optical diffraction patterns of high quality. Measurements were made with symmetrical geometry (Θ-2Θ) by scanning from 20 to 100 degrees, with a step size of 0.05 and a time per step of 100 seconds. Figure 2 shows a 2Θ X-ray diffraction pattern for an Al-AlN-Al thin film deposited on silicon. The diffractogram shows the expected AlN patterns, along with the usual halo corresponding to an amorphous layer, plus the silicon substrate (33.1°). Various studies of AlN deposition on silicon substrates have been done before [27] [28] [29] [30] and obtained highly oriented AlN. Garcia-Mendez et al 31 obtained polycrystalline growth on their deposits using glass as the substrate, as we obtained in these assays on silicon. This may be caused by the presence of oxygen. The presence of oxidized products in large amounts has been reported previously during growth of AlN films by sputtering. 26 Oxygen appears to induce a degree of amorphous growth on the film and a distortion of the lattice parameters, 31 inducing defects in the growth of AlN layers and having as a consequence, the amorphization of AlN films.
In healthy subjects, HER2 levels range from 2 ng/mL to 15 ng/mL, 32 so we selected a HER2 concentration of 1.56 ng/mL to test the biofunctionalized surfaces. This concentration is ideal because it is below the expected lower normal value. Any concentration lower than this is not considered clinically relevant, so the minimum required sensing capability for our target biosensor was determined to be 2 ng/mL. The presence of cancer tends to increase the amount of protein present. An advanced disease state in a patient produces concentrations of HER2 higher than 15 ng/mL, reaching up to 75 ng/mL. 33 The surfaces were tested using 60 µL of a single concentration of HER2 (1.56 ng/mL) as described earlier. The absorbance was then read and evaluated using the standard curve to determine a "standard concentration", so that we could compare the sensitivity of the different techniques. Figure 3 shows the HER2 concentration read according to the technique used to immobilize the antibody, regardless of grain size. It should be noted that the concentration of HER2 used did not vary, and the only relevant variable was the technique used to immobilize the antibody. It is possible to appreciate different behaviors on the concentration detection, when interpolating in our standardized curve. Then, after making the statistical analysis, an important difference between treatments was found (P,0.001).
The samples were read and interpolated on the standard curve. The best result was achieved using protein G that had been incubated for 12 hours, with an average interpolated concentration detection limit of 16.44 ng/mL, which falls outside the range on the standard curve, so a dilution of 1:1 had to be used to read the values accurately. Protein G incubated for 2 hours had an average concentration of 8.19 ng/mL, the sodium alginate surfaces had an average concentration of 6.05 ng/mL, and direct immobilization had the worst results, as expected, with an average concentration of 2.25 ng/mL. As predicted, protein G showed better results than random immobilization, because protein G helps to orient the antibody's paratope and exposes it to the solution where the antigen is present. Guo et al appeared to find no difference in antigen detection whether they incubated their surfaces for 12 or 2 hours. 22 One of the main differences lies in the surface used; Guo et al used an aldehyde-derivatized slide that could fix protein G more rapidly. In this study there was a variation in the results obtained on slides incubated with protein G for 12 or 2 hours, perhaps as a result of the more stable and uniform layer created by allowing the G protein to accumulate in the complex spaces present on the surface. Good results were expected for sodium alginate, but these were not as high as those obtained for the assay with protein G. It was found that sodium alginate was 2.6 times more effective for antigen detection than direct immobilization. This is a technique that does not specifically orient the antibodies, but rather works as a "glue", 21 holding the antibodies on the surface and preventing detachment. This is useful because it gives stability to the sensing by keeping the same amount of antibodies on the surface, thereby lowering any possible variation between assays. Using alginate as an immobilizing layer may have the concern of having its natural negative charge not only binding the primary antibody, but also binding other kind of molecules such as antigen or secondary antibodies as well, which could lead to false-positive results. This possibility was prevented by blocking the layer with bovine serum albumin after immobilization of the primary antibody; further, every tested surface group included a control, which was used as a zero concentration target when reading in the spectrophotometer, thus eliminating both background noise and the possibility of false-positive results. Table 2 shows the average concentration read in each group and a normalized reading, allowing a comparison of the techniques. For example, the alginate technique detected 2.689 more HER2 when compared with direct immobilization. The best result was obtained using protein G, which was 7.302 times more sensitive than direct immobilization and 2.716 times more sensitive than sodium alginate immobilization.
The detected concentrations of HER2 were analyzed according to treatment used and average grain size. The results are presented in a box plot in Figure 4 . In general, better HER2 detection was obtained as the grain size increased, with the exception of protein G incubated for 2 hours. Better HER2 detection appeared to be achieved using a medium grain size. In general, it is possible to achieve a higher detection rate as the grain size increases; this could be because the roughness increases the surface area and as a consequence a higher amount of antibodies can be attached.
The results for the slides that were incubated for 2 hours with protein G may reflect the stability of the protein G layer when comparing to the ones that were incubated 12 hours. It might require more time for the protein to attach steadily to the choppy microstructure of the surface with the biggest 
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Three antibody immobilization techniques on Al-AlN-Al thin films grain size as it is more uneven than the surface with smaller grain size. An interesting feature in our study was the direct immobilization technique. When a small grain size was used, the average absorbance corresponded to 1.58 ng/mL of HER2 when read and compared with the standard curve done using the commercially available kit. It should be noted that the solution was 1.56 ng/mL, so a very similar result was obtained when comparing the surfaces developed against a commercially available tool.
The best result was obtained when protein G was immobilized for 12 hours over a large grain size (ie, the L group). This method was 13.8 times more sensitive than direct immobilization on a small grain size surface (ie, the S group). Finally, a further remarkable result was obtained when comparing the sodium alginate technique with the method involving incubation of protein G for 2 hours on a surface with a large grain size; both of them were analogous and about five times more sensitive than direct immobilization.
Conclusion
Al-AlN-Al thin films were biofunctionalized to be able to detect HER2 protein using an anti-HER2 antibody. Three different methods for antibody immobilization were used on surfaces with three different grain sizes. The best combination for sensitivity was achieved in the surface group where the protein G was incubated during 12 hours, on a surface with an average grain size of 584 nm.
The 12-hour incubated sodium alginate layer yielded a similar result as a 2-hour incubated layer of protein G regarding to sensitivity. This could be useful with regard to mass production of a biosensor, given that the cost of sodium alginate is much lower than that of protein G. Further analysis is required in order to compare these techniques, using covalent bonding for protein G and higher concentrations of alginate.
It is evident that there were different responses with regard to protein detection when the grain size and technique used were varied. Using an antibody-orienting coating, the sensitivity was increased by up to seven-fold when compared to an antibody immobilization method that causes random orientation. When both, not only the technique but the surface as well were modified, a surface as much as 21 times more sensitive was obtained, comparing with a random oriented antibody layer.
The sensitivity and stability of a biosensor are critical elements for evaluation. Factors other than technique or immobilization layer components, such as surface structure and characteristics, may modify these two crucial elements of biosensing. Consequently, it is possible to improve biosensing capabilities by using different antibody immobilization techniques and by modifying the surface itself.
The use of an alginate immobilization layer proved to be a feasible option instead of a protein G immobilization layer, under specific circumstances both layers shown similar results to help to detect HER2. Additionally, alginatebiofunctionalized layers were able to detect clinically relevant concentrations of HER2 protein, which makes these an ideal component when building biosensors, because alginate is a cheap and easily sourced component, making it a good alternative in developing economies.
